Type B Aortic Dissection(TBAD) is a rare aortic disease with a high 5-year mortality.Personalized and precise management of TBAD has been increasingly desired in clinic which requires the geometric parameters of TBAD specific to the patient be measured accurately.This remains to be a challenging task for vascular surgeons as manual measurement is highly subjective and imprecise. To solve this problem,we introduce STENT-a STandard cta database with annotation of the ENtire aorta and True-false lumen. The database contains 274 CT angiography (CTA) scans from 274 unique TBAD patients and is split into a training set(254 cases including 210 preoperative and 44 postoperative scans ) and a test set(20 cases).Based on STENT,we develop a series of methods including automated TBAD segmentation and automated measurement of TBAD parameters that facilitate personalized and precise management of the disease. In this work, the database and the proposed methods are thoroughly introduced and evaluated and the results of our study shows the feasibility and effectiveness of our approach to easing the decision-making process for vascular surgeons during personalized TBAD management.
Introduction
Type b aortic dissection(TBAD) is rare yet fatal with a high mortality [24] .It happens when blood penetrates into the middle layer of aorta through an intimal tear in the descending aorta or aortic arch, creating two blood passageways which is true lumen and false lumen [36] . Diagnosis of TBAD can be confirmed by computed tomography angiography (CTA) imaging [40] and thoracic endovascular aortic repair(TEVAR) is a recommended treatment option for complicated TBAD cases [28] . Recently,personalized and precise management of TBAD has been increasingly desired in clinic and believed to be effective in reducing TEVAR-induced complications and improving long-term outcome [30] . Such a TBAD management scheme requires that the stent graft be selected and placed according to the precise geometric features(e.g.,aorta diameter,etc) of the patient [7, 2] and the follow-up program be formulated and adjusted according to the development of aortic dissection over time for the specific patient after endovascular repair [33] .However,theres a lack of means in clinic to effectively and accurately obtain the geometric features of TBAD and trace its development.It takes 20 to 30 minutes for a vascular surgeon to measure a TBAD case even with the help of computer-aided software and the results are imprecise and lack objectivity and reproducibility. Accurate and automated segmentation of the entire aorta and true-false lumen is the first step to obtain these geometric parameters while only a limited number of studies focus on the segmentation of aortic dissection [16, 13, 14, 3, 12] and many focus on aorta segmentation [34, 39, 15, 42] .None of these methods are based on deep learning mainly because there lacks a large dataset with proper annotation on which deep learning algorithms for aorta segmentation can be developed, evaluated and compared. [26, 29] report a CNN based method for aorta segmentation but its trained and evaluated using a very limited number of ct images. Considering this situation,we introduce STENT-a large standard cta database with annotation of the entire aorta and true-false lumen on which deep learning based methods for aortic dissection segmentation and parameter measurement can be developed and evaluated.Collecting a large TBAD dataset with high quality annotation is difficult ,expensive and requires expertise especially when the disease is rare even on a worldwide scope.To our best knowledge so far,our work is the first attempt to optimize current TBAD management procedure from the perspective of large medical dataset. Based on the dataset,our ultimate goal is to inspire and advance machine learning or deep learning based methods that can facilitate personalized and precise management of the disease.
Outline of the Manuscript A comprehensive introduction of STENT and STENT-2.0 is given in Section 2. In Section 3, a modified multi-task deep learning framework for TBAD segmentation is introduced which shows an improvement compared to [18] . Section 4 gives a thorough introduction and evaluation of the methods developed on STENT that facilitate personalized and precise management of type B aortic dissection.Section 5 concludes the study.
STENT
Initially, we collect a dataset of computed tomography angiography (CTA) images consisting of 274 studies (in DICOM format) each from a unique TBAD patient.Since these studies are obtained from multiple sites and multiple CT machines 1 with different imaging parameters, the image quality and noise level is varying greatly. The dataset is split into two subsets for training(254 studies) and testing (20 studies) respectively.For each of the study, the entire aorta(including the aortic wall), true lumen and false lumen is manually segmented using 3-D Slicer [1] . In training set,44 out of 254 studies are from patients who have gone through TEAVAR and the number of post-operative cases is 5 in test set.
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Data Acquisition and Inclusion Criteria
The acquisition of CTA data requires multicenter effort and is approved by the local institutional review board(IRB).For each subject in the study,chest CT scan is performed during the arterial phase 2 . Only CT scans with slicethickness less than 1.5 millimeters(included) are incorporated into our study.The horizontal resolution of these CTA images is 512 × 512 while z-axis resolution varies greatly from 300 to more than 2000 mainly depending on the slice thickness of the CT scans and individual conditions(e.g., the height of a subject). Note that 49 CTA images(44 in training set and 5 in test set) are from patients who have gone through TEVAR and stent graft is visible in these post-operative cases as can be seen in Figure. 1 (6).
Contrast Inhomogeneity Caused By Thrombus
A completely thrombosed false lumen is found to predict good outcomes compared to partially thrombosed false lumen that indicates higher risk of aortic dilatation [37, 38] .One of the purposes of TEVAR is to accelerate the thrombosis of false lumen.Most of the cases in STENT are preoperative and have partially thrombosed false lumen. The random distribution of thrombus in false lumen results in the inhomogeneous flow of contrast agent. Figure 1 shows six slices from a cta study and true lumen and false lumen is delineated manually (true lumen: yellow,false lumen:brown).Its apparent that the distribution of contrast agent in false lumen is extremely uneven while it remains consistent for true lumen. According to our obser- vations, contrast agent is more concentrated near the intimal tear and becomes random in other sections of false lumen.This leads to high inter-class similarity and intra-class heterogeneity and poses a major challenge for the segmentation of aortic dissection.
Annotation Protocol
Each study is manually annotated in a slice-wise manner using 3-D Slicer [1] . The annotation is organized by a committee consisting of two engineers from industry and three board-certified vascular surgeons. Figure 2 illustrates the annotation procedure.Given a study with multiple CT slice images 3 ,annotators manually segment the entire aorta, true lumen and false lumen in axial view in a slicewise manner with different labels (represented by different color) shown in Figure 2 (a) right. Note that annotation starts from left coronary artery origination level and ends at the beginning of the iliac bifurcation as shown in Figure 2 (b) and (c). Figure 2 (c) is the 3-D mask of the entire aorta(green),true lumen(yellow) and false lumen(brown) in 3-D with regard to a cta study. According to the annotation rules we devised,the aortic wall can be obtained by subtracting the mask of true-false lumen from that of the entire aorta in Figure 2 (c) 4 . 
Annotation of the Training Set
The studies in training set are annotated by a group of senior medical school students from the department of radiology who have completed intensive and extensive training about how to identify the aorta ,true lumen and false lumen in CTA images.Students are also trained to use the software.To guarantee annotation consistency among different students, specific rules to define the boundary of the entire aorta ,true lumen and false lu-men are devised by the committee.After the annotation of a study by a student is finished,one of the committee members from hospital side is responsible for reviewing the annotation and it can only be included in the dataset after it's approved by the committee.If the annotation fails to meet the requirement or has defects,the committee member guides the student to modify the annotation until its up to standard.
Annotation of test set
The ground truth annotation of the studies in test set is totally provided by the three committee members(vascular surgeons) following the same rules as in training set.
STENT-2.0
In STENT-2.0,the annotation of the same dataset is extended to include the tiny branch vessels in the aortic arch and abdominal aorta based on the initial annotation.Anatomically,the aortic arch gives rise to the anonyma, left common carotid artery(LCCA) and left subclavian artery(LSA).The three branches of aortic arch are annotated before they bifurcate.For the abdominal aorta,there are many branches but only the renal artery ,truncus coeliacus and superior mesenteric artery are considered.We also annotate the common iliac artery and its main bifurcation namely internal and external iliac artery in the right and left branch.These branches are annotated with different labels represented by different colors as can be seen in Figure 3 Annotation of these tiny branches requires more expertise as it's harder to identify these vessels in cta images. More complex rules are devised to guarantee the consistency among annotators since the starting and finishing point of these branch vessels is sometimes ambiguous.
TBAD Segmentation Based on 3-D Deep
Convolutional Neural Network(CNN)
In [18] ,a novel multi-task framework tailored from 3-D U-net [31] is proposed for the segmentation of type B aortic dissection.As is shown in Figure 4 (a), the original cta image and the ground truth mask for the entire aorta,true lumen and false lumen are resized to 128 × 128 × 128 before fed into the network. The major advantage of the network is that segmentation of the entire aorta, true lumen and false lumen can be unified in a single network which can be trained endto-end.However, the shortcoming is also evident:the resizing operation can severely deteriorate the label quality (especially true lumen)as can be seen in Figure 4 (b) middle.Training with deteriorated label produces suboptimal results.To solve this problem,we propose a two-stage framework to segment the entire aorta and true-false lumen separately using two networks.In training the network for truefalse lumen segmentation, a bounding box is applied to the label before its resized to 128 × 128 × 256 which substantially reduces the side effect of the resizing operation as can be seen in Figure 4 (b) right. 5 Bounding box Extraction Figure 5 (a) illustrates how the bounding box is calculated.The 3-D mask of the entire aorta is projected along Y-axis and Z-axis respectively and then we can get the coordinates of the projection borders along corresponding axis ψ 0 : [x1 : x2, y1 : y2, z1 : z2].Finally,these coordinates are used to extract the bounding box from the original image and ground truth mask. In order to maintain context information ,we extend the boundary to another 30 voxels along X-axis and Y-axis so that the final bounding box we extract from the original image is ψ : [x1 − 15 : x2 + 15, y1 − 15 : y2 + 15, z1 : z2] as can be seen in Figure. Figure 6 (a) and (b) illustrates the two-stage training process for the entire aorta and true-false lumen respectively.In Figure 6 (a),the input CTA images and the 3-D mask of the entire aorta are resized from 512×512×z to 128×128×256 before fed into Network-1 for training.In Figure 6 (b),the bounding box of the entire aorta ψ is calculated which is applied to the input image and the ground truth mask for true lumen and false lumen. Then they are resized to 128 × 128 × 256 and fed into Network-2 for training. Training the true-false lumen using Network-2 which is a multi-task network.The input image and ground truth mask for Network-2is resized from bounding box to 128 × 128 × 256. Figure 7 shows the inference pipeline.In inference, the input CTA image is resized to 128 × 128 × 256 before its fed into Network-1 which produces the mask of the entire aorta of size 128 × 128 × 256. The mask is then resized to the original size as can be seen in Figure 7 (a).
Two-stage TBAD Segmentation Framework
In Figure 7 (b),the bounding box is obtained using the mask produced by Network-1. Then,the bounding box is resized to 128 × 128 × 256 before its fed into Network-2 which then produces the mask for true lumen and false lumen of size 128 × 128 × 256.Finally, the mask of true lumen and false lumen is resized to the same size as that of the bounding box and return to its original size by zero padding 6 . Figure 7 . The two-stage inference pipeline.
Experiments and Results
Training Network-1 and Network-2 are trained separately with dice loss function [23] on 254 training data.Training is carried out on a machine with two Nvidia 1080-Ti GPU and 128G memory. Data augmentation by rotation is applied during training.Batch size is set to 1 considering the limited GPU memory(12G).Initial learning rate is set to 0.0001 which is decayed by 5% every 200 epochs.Currently,the network is trained on STENT.
Results The dice similarity score(DSC) of the entire aorta,true lumen and false lumen for the 20 cases in test set is shown in Table 1 -2. Figure 8 is the corresponding boxplot.We can see that the DSC of true lumen and false lumen produced by Network-2 using bounding box technologies is significantly higher than that of the entire aorta in contrast to the results in [18] .We also privide the automated segmentation results(visualized in 3-D) for the entire aorta and true-false lumen of the 20 cases in the supplementary material from which we can see a high consistency between the ground truth and the automated segmentation results intuitively.
Personalized TBAD Management and Clinical Evaluation
In [17] ,how the database and the automated segmentation algorithms can optimize the workflow of TBAD management is qualitatively described.In this section, we go further to introduce systematically the applications of STENT(and STENT-2.0) and the related technologies in personalized TBAD management from the perspective of interventional planning, follow-up,prognosis and long-term outcome prediction. Some of the methods described here are also evaluated clinically. 
Individualized aortic Stent-grafting Therapy
TEVAR has been a challenging task which is experiencedependent and requires refined skills. Choosing a properlysized stent graft and placing it in the right place according to the patients aorta is crucial for preoperative planning of TEVAR and has fundamental impact on the 5-year recurrence rate of the disease [25] . Geometrical parameters of aorta dissection are required in the process for a individualized stent-grafting therapy. More specifically,the stent graft is selected and placed based on the diameters of true lumen and the location of the intimal tear. Figure 9 shows the sketch of a straightened aorta with anatomical landmarks including the intimal tear(6),anonyma(1),LCCA(2),LSA(3) ,truncus(4) and etc. Clinically, a surgeon need to manually locate the intimal tear (6) and identify these anatomical landmarks by checking a cta study in a slice-wise manner . Then with the help of commercial software, the surgeon measures the distance between the intimal tear(6) and l1,l2,l3,l4 as well as the diameters of true lumen. With these geometrical parameters,a surgeon can decide the size and placement of the stent graft for preoperative planning. Figure 10 (top) shows the process of manual stent-grafting therapy which is of low-efficiency, time consuming and highly subjective. Figure 10 (middle,bottom) illustrates how the whole procedure can be automated using STENT and the automated TBAD segmentation algorithms described in Section 3. First, the entire aorta, true lumen and false lumen are segmented automatically.Second, the predefined baseline and anatomical landmarks(in Figure 10 bottom,c for LSA,b for LCCA,a for anonyma ,e for truncus and d for intimal tear) are located. Third, the distance values between these landmark points are calculated. The diameters of true lumen can also be obtained automatically as is shown in Figure 10 (middle). The whole process is fully automatic and takes Table 1. DSC for Test Sample 1-10   Index  1  2  3  4  5  6  7  8  9 less than 20 seconds per case compared to manual stentgrafting therapy which takes more than 20 minutes even for experienced vascular surgeons. More importantly, the planning process can be made objective and depends less on the personal experience of the surgeons. The automated stent-grafting therapy is evaluated by comparing the mean diameter of true lumen obtained automatically to that obtained manually by surgeons on 10 cta cases.Results can be seen in Figure 11 and Table 3 .Dice Similarity Score(DSC) of the 10 cases are also provided(shown on the top of the box) along with each measurement. Clinically, ±5% deviation from the real diameters of the patients true lumen is tolerable for the selection of stent graft. From Figure 11 we can see that 6 out of 10 cases fall into tolerable error range(sky blue box). One case is marginally acceptable (yellow box) and the estimation for the other 3 cases fails. Most importantly,we can see a high positive correlation between DSC and the accuracy of diameter estimation in Figure 11 which means that through optimizing our segmentation algorithms, the reliability of . Mean diameters of true lumen for 10 cta cases measured on manually segmented ground-truth masks and automatically produced masks. For each case,±5% deviation from the ground-truth diameter is plotted along with the automated result.Dice similarity score(DSC) is provided on the top of each box. Sky blue blue box: acceptable.Yellow box:marginally acceptable.Red box:out of tolerable error range.
our proposed automated stent-grafting therapy can be improved. Empirically,the dice similarity score has to be over 82% to be reliable for diameter estimation. 
Customization of Stent-graft Design
One of the complications of endovascular aortic repair is endoleaks(type I-type V) some of which are caused by the disconnection between the endograft and the aortic wall and sometimes requires further reintervention [6, 27, 9] . Theres a tendency in TEVAR society to customize the design of stent graft for each specific patient so that they can be best matched to prevent endoleaks [35, 19] . Considering that aorta curvature is one of the main considerations in stent graft design, its clinically desired to be able to obtain this value automatically and accurately. Figure 13 shows the aorta curvatures of true lumen calculated from manually annotated ground truth and automated segmentation results for 10 cta cases.The value on each sub-figure is the dice similarity score.Again we can see a high correlation between the accuracy of automated segmentation and aorta curvature estimation. Figure 12 shows how the curvature is calculated.Basically,the curvature of a slice in a cta study is determined by the coordinate of two neighboring center-line points based on the equation κ = √
in Figure 12 . 
Long-term outcome prediction and personalized Follow-Up Program
In long-term follow-up, TBAD patients are required to have a computed tomography angiography(CTA) examination every several months. One of the most important steps in follow-up is to evaluate the volume or diameters change of true-false lumen over time which helps surgeons trace the development of aortic dissection after endovascular repair and decide whether reintervention is required [22, 32, 8] . Besides changes in diameter and volume,morphologic change of true-false lumen is also an im- portant factor that indicates the development of aortic dissection [28, 11] .These features are also important prognostic factors [20] . In this part, we introduce an automated method to obtain the volume of true lumen and false lumen.In a CTA image,the volume of true and false lumen can be calculated as follows:
v voxel is the volume per voxel which is a constant and can be obtained from the Dicom header of the cta case. The number of voxels N voxel can be easily calculated from the 3 − D mask of true lumen and false lumen which can be automatically produced by Network-2. So we can see that the volume is in proportional to the number of voxels contained in true lumen and false lumen. We evaluate the method by comparing the number of voxels obtained automatically with the ground truth on 10 cases in test set. Figure 14-15 and Table 4 -5 shows the results.DSC for each case is also provided.
Similar to Figure 11 ,we plot ±5% deviation from the ground truth value for each case along with the automatically obtained value.From Figure 14-15 we can see that most predicted values for both true lumen and false lumen are out of the tolerable error range(±5% deviation).More specifically,the DSC has to be over 90% and 88% for true lumen and false lumen respectively to have an accurate estimation of lumen volume.The DSC threshold is higher compared to diameter estimation.Whats common between the estimation of diameter and volume is that DSC has a positive correlation with estimation accuracy of both the parameters. Besides, we can see from Figure 15 that the predicted volume of false lumen is always higher than the ground truth which is understandable.False lumen tend to be oversegmented because in some sections of false lumen contrast agent is absent and voxels in false lumen is close to the Figure 14 . Number of voxels contained in true lumen calculated from automatically produced true lumen mask by Network-2 and ±5% deviation from the ground truth value Figure 15 . Number of voxels contained in false lumen calculated from automatically produced true lumen mask by Network-2 and ±5% deviation from the ground truth value background so that some background voxels are misclassified as false lumen. Similarly,some cases of true lumen is over-segmented which is also understandable considering that false lumen voxels tend to be misclassified as true lumen when contrast agent is present in false lumen.
Patient-Specific Aorta Hemodynamic Simulations
Computational fluid dynamics(CFD) is a widely adopted tool to assess aorta functions through numerical simulations [21] . In TBAD,CFD can be used to predict aneurysmal degeneration [4] , optimizing treatment procedures [5, 10] ,exploring TBAD mechanism [41] and etc. The prerequisite to CFD is a triangulated aorta surface model which can be reconstructed from the 3-D aorta mask produced by our automated segmentation method. Then, numerical computation methods such as boundary element method is applied to the model to solve the partial differential equations (PDEs) that governs the blood flow in aorta. Figure 16 illustrates the process. For each patient, the aorta model specific to the patient can be automated generated using the aorta segmentation method described in Section 3.
Conclusion and Discussion
Personalized and precision medicine requires the tailoring of disease management to the characteristics of a specific patient.For type B aortic dissection(TBAD), a personalized treatment option, surgical plan and follow-up program is highly clinically desired.To this end,we create STENT and a series of technologies based on it that facilitate personalized TBAD management inspired by the technological advancement in computer vision,speech recognition, and natural language processing driven by large annotated datasets.
Considering the rarity and complexity of the disease,it takes huge efforts and requires multicenter collaboration to collect and annotate these cta images.In Section 3 and 4,automated TBAD segmentation method based on 3-D deep convolutional neural network is developed and evaluated on STENT.The reliability of parameter estimation(e.g. diameter,volume,aorta curvature etc) is in positive correlation with the accuracy of TBAD segmentation.To our best knowledge,our work is the first attempt to dealing with TBAD from the perspective of big medical data and the feasibility is preliminarily confirmed by our studies. We are also working on the standardization of STENT so that researchers from around the world can work together to advance the tools and methods for TBAD management which is the ultimate vision of our work.
